We have demonstrated that interferon-a2-recombinant (IFNa) at growth inhibitory concentrations enhances the expression and signalling activity of the epidermal growth factor receptor (EGF-R) in human epidermoid carcinoma KB cells. Here we report that KB cells exposed to IFNa underwent apoptotic cell death and this effect was antagonized by EGF. We have also found that IFNa enhanced the expression of heat shock proteins (HSP) HSP-70, HSP-90 and HSP-27 and activated the NH 2 -terminal Jun kinase-1 (JNK-1) and p38 mitogen activated protein kinase, the target enzymes of a stress-dependent intracellular transduction pathway. Moreover, the overexpression of the wild-type JNK-1, obtained through plasmid transfection of KB cells, induced apoptosis which was potentiated by the exposure of wild-type JNK-1 (JNK-1 wt )-transfected cells to IFNa. All these effects were neutralized by the addition of EGF to parental and JNK-1 wt -transfected KB cells exposed to IFNa. In conclusion, EGF has a protective effect on KB cells from apoptosis while antagonizing a stress response elicited by IFNa and targeted on the stress pathway terminal kinases.
Introduction
The molecular interaction between growth promoting and growth inhibiting cytokines in the tumour microenvironment is an important issue in the study of tumour cell growth regulation. 1 The potential selectivity of cytokine network underlines its possible role as specific target for new molecularly designed anticancer approaches.
We have reported that recombinant interferon-a (IFNa) at cytostatic concentrations upregulates the expression of epidermal growth factor (EGF-R) and transferrin (TRF-R) receptors. 2 ± 4 We have also demonstrated that the proliferative response of human epidermoid cancer KB cells to EGF is increased by IFNa. 5 This latter effect is paralleled by an increased tyrosine phosphorylation of cellular proteins and of the EGF-R itself in KB cells exposed to IFNa; 5 it is suggested that the EGF-R signalling is upregulated in IFNatreated tumour cells. 5 We have speculated that the enhanced expression and function of EGF-R by the tumour cells could represent a stress response that might be activated as an attempt to provide an escape mechanism to the growth inhibition induced by IFNa. 6 Moreover, it is reported that IFNa induces apoptosis on human squamous cancer, 7 glioma 8 and virus-infected cells. 9 On the other hand, epidermal growth factor (EGF) is able to protect eukaryotic cells from the onset of programmed cell death. 10 ± 12 Evidence exists about the involvement of stress response in the mechanisms of protection from apoptosis in eukaryotic cells. 13, 14 In fact, the apoptosis induced by nitric oxyde, a classical shock agent, is prevented by the increased expression of heat shock protein (HSP)-70 in vascular smooth muscle cells.
protection from programmed cell death. It has been described that cytokines that do not contain a`death domain', such as transforming growth factor b (TGFb), can elicit apoptosis and stress response through the induction of a shock-dependent mitogen activated protein kinase (MAPK) cascade that involves NH 2 terminal Jun kinase (JNK) and stress-activated protein kinase (SAPK) family. 17 ± 19 Moreover, it has been reported that peptide growth factor (PGF)-induced extracellular signal regulated kinase (ERK) mediates a strong anti-apoptotic effect. 20, 21 In fact, ERK plays an important role in protecting cardiac myocytes from apoptotic death following oxidative stress. 22 Protection of PC12 cell death by N-acetylcysteine requires ERK activation 21 that is, moreover, involved in the phorbol myristate acetate-mediated inhibition of drug-induced apoptosis in tumour cells. 23 On the basis of these considerations, we have investigated if apoptotic events were induced by IFNa on KB cells and if they could be prevented by the exposure to EGF. We have indeed found that EGF-R overexpression was paralleled by apoptotic cell death in IFNa-treated KB cells. Therefore, we have investigated whether IFNa-induced upregulation of EGF-R could be explained as an anti-apoptotic protective stress response of KB cells. Therefore, we have evaluated if IFNa modified the expression of HSPs and if EGF antagonized this effect. Finally, we have studied the involvement of JNK-1 and p38 MAPK (MAPK p38 ), the terminal enzymes of a stress-activated pathway 24 implicated in cell death, 17, 20, 25, 26 in the interaction of IFNa and EGF on the triggering of apoptosis.
Results

Apoptosis was induced by IFNa and antagonized by EGF in KB cells
Apoptotic cell death is induced by IFNa in virus-infected and tumour cells. 7 ± 9 However, the molecular underlying mechanisms of this effect are not well defined. We have previously reported that the treatment with 1000 IU/ml IFNa for 48 h induces 50% growth inhibition and EGF-R upregulation on KB cells. 5 We have found that, at these experimental conditions, 40% of IFNa-treated KB cells were apoptotic as demonstrated by internucleosomic DNA fragmentation and quantitized by FACS analysis after nuclear dye with propidium iodide ( Figure  1C , F and G). Apoptosis induction was further demonstrated by TUNEL technique ( Figure 2B ). Programmed cell death was markedly reduced when 10 nM EGF was added for 12 h to IFNa-treated KB cells (Figures 1E, F and G, and 2D). In fact, in these experimental conditions only about 20% of KB cells were apoptotic versus 18% of control cells ( Figure 1G ). Also the exposure of KB cells for 12 h to EGF alone induced apoptotic death in about 37% of KB cells ( Figures 1D and G, and 2C). The latter effect was however paralleled by enhanced proliferation as demonstrated by the increased number of viable cells as evaluated by haemocytometric cell count after trypan blue dye and by the increased PCNA expression as evaluated with FACS analysis ( Figure 1G and data not shown, respectively). On the other hand, viable cells were about 50% reduced in IFNa-treated cells and the EGF antagonism on the apoptosis induced by the cytokine was paralleled by only a partial rescue of the viable cell number ( Figure 1G ). The data derived from FACS analysis were confirmed by determination of apoptotic cells by TUNEL technique (see Figure 2) . In fact, IFNa induced an increase of red nuclei number that was almost completely abrogated when IFNa-treated cells were exposed for 12 h to EGF ( Figure 2B and D, respectively). EGF alone caused again apoptosis in KB cells ( Figure 2C ). Therefore, IFNa-induced 
Antagonism between IFNa and EGF on HSP expression
We have speculated that the enhanced expression and function of EGF-R by the tumour cells could represent a stress response as an attempt to overcome the apoptosis induced by IFNa. 6 Therefore, we have studied if the expression of HSPs was modulated by IFNa and if EGF could neutralize the changes of HSP expression. KB cells exposed for 48 h to IFNa showed an about fourfold increase of HSP-90 and an about twofold enhance of inducible HSP-70 and HSP-27 expression, as evaluated by Western blot analysis ( Figure 3A , lane 2 and Figure 3B ). The exposure of IFNa-treated KB cells to 10 nM EGF markedly reduced the expression of these proteins also if compared with that of untreated KB cells ( Figure 3A , lane 4 and Figure 3B ). On the other hand, the addition of 10 nM EGF for 12 h induced an about 50% increase of HSP-90 and HSP-27 expression ( Figure 3A , lane 3 and Figure 3B ). The expression of a housekeeping protein, aactin, was unaffected by the treatment with IFNa and/or EGF ( Figure 3A and B). In these experiments EGF was added to KB cells exposed to IFNa which was not withheld by the medium. We conclude that the abrogation of apoptosis induced by IFNa was paralleled by a reduction of HSP expression in KB cells.
EGF antagonized the activation of JNK-1 and p38 MAPK (MAPK p38 ) in IFNa-treated KB cells
We have evaluated the effects of IFNa and EGF on the stressinduced pathway of MAPK isoenzymatic activity JNK-1 and MAPK p38 in KB cells. We have found that the chronic exposure (48 h) to IFNa induced an about fivefold increase of activity of these proteins as evaluated with an enzymatic assay after immunoconjugation ( Figure 4A and B) . The exposure to EGF of IFNa-treated KB cells caused a progressive reduction of the activity of the two enzymes which reached almost basal levels after 6 h of exposure to EGF ( Figure 4A and B) . However, EGF did not induce any change of the activity of JNK-1 and MAPK p38 in KB cells not exposed to IFNa. At the same time, also the phosphorylated isoforms of JNK-1 and MAPK p38 ( Figure 4A and B, arrows in lower panel) were increased in IFNa-treated cells while exposure to EGF progressively reduced their phosphorylation as demonstrated with a gel retardation assay ( Figure 4A and B). Therefore, the effects of EGF and IFNa on apoptosis and HSP expression were paralleled by changes of the activity of the stress-inducible JNK-1 and MAPK p38 .
The transfection of the wild-type JNK-1 (JNK-1 wt ) enhanced the apoptosis induced by IFNa in human epidermoid KB cells Figure 5A and B) . However, the exposure of JNK-1 wt -transfected cells to IFNa for 24 h caused programmed cell death in almost 65% of cells ( Figure 5A and B). The addition of 10 nM EGF for 12 h to JNK-1 wt -transfected cells exposed to IFNa for 24 h was again able to revert this Arrows, bands at higher molecular weight. CTR, untreated; IFN, 48 h 1000 IU/ml IFNa; EGF 10', 10' 10 nM EGF; IFN+EGF 10', 48 h 1000 IU/ml IFNa+10' 10 nM EGF; EGF 6 h, 6 h 10 nM EGF; IFN+EGF 6 h, 48 h 1000 IU/ml IFNa+6 h 10 nM EGF. The experiments were performed at least three times and always gave similar results effect ( Figure 5A and B) . EGF alone induced apoptosis in almost 30% of cell population (data not shown) and was also able to reduce the apoptosis determined by the transfection of JNK-1 wt in KB cells ( Figure 5A and B) . Moreover, the JNK-1 wt -transfected cells proliferated at a slower rate than the parental cells in the presence of IFNa, thus demonstrating an increase of the anti-proliferative activity of IFNa by stress kinase constitutive activation ( Figure 5B ). On the other hand, EGF antagonized cell growth inhibition and apoptosis induced by IFNa both in the transfected and parental cells ( Figure 5B) . Therefore, the overexpression of JNK-1 alone was able to induce apoptosis which was strongly potentiated when transfected cells were exposed to IFNa.
Discussion
We have previously reported that IFNa increases the expression of EGF-R in KB cells; 2, 4 we have also found that receptor upregulation is paralleled by an increased sensitivity of tumour cells to the growth promoting activity of EGF. 5 We have hypothesized that modulation of receptor expression could be an attempt of tumour cells to escape from growth inhibition induced by IFNa. 6 In this paper we have demonstrated that IFNa induced apoptosis on KB cells, but the upregulation of the EGF-R caused by IFNa appeared to mediate an anti-apoptotic signal. In fact, IFNa and EGF counteracted on apoptosis induction, expression of HSP and modulation of the terminal enzymes of the stress signalling. We have also found that IFNa increased HSPs expression that was, on the other hand, reduced in IFNa-treated KB cells by 6 ± 12 h exposure to EGF. Therefore, onset of apoptosis in cells exposed to IFNa was paralleled by HSP increase which was, in turn, neutralized by EGF. These effects can be explained by the finding that HSPs exert an important protective role in the cells against apoptosis induced by several kinds of damaging agents 14, 15, 27, 28 even if their function is still not completely defined. 13, 29 Moreover, growth factors can inhibit both spontaneous 10, 12 and injury-mediated apoptosis. 11 We have, moreover, found that the activity of JNK-1 and MAPK p38 was increased in IFNa-treated cells while EGF reduced the activity and the expression of the phosphorylated isoforms of JNK-1 and MAPK p38 in these cells. Furthermore, the transfection of KB cells with JNK-1 wt induced itself apoptosis that was potentiated by IFNa and antagonized by EGF suggesting a direct involvement of JNK-1 in the death mechanisms of IFNa which was an inducer of JNK-1 activity. These effects were paralleled by an increased growth inhibition and therefore by the potentiation of the antiproliferative activity of IFNa. On the other hand, EGF antagonized apoptosis induced by IFNa either in JNK-1 wt -transfected or parental cells. The latter effect suggests that the protection from apoptosis induced by EGF likely targets JNK-1 as a signalling molecule. The counteracting effect of EGF on the apoptosis and stress protein expression was, therefore, paralleled by an antagonistic activity on the target enzymes of a stress signal pathway 24, 30 which is involved in the regulation of gene expression. 31 In fact, the activation of these MAPK isoenzymes have been correlated with the triggering of apoptosis induced by cytokines, such as TGFb, in several cell models. 18, 19 Moreover, it has been demonstrated that the onset of apoptosis by fas or cisplatin is correlated with a sustained JNK activation. 25, 32 Interestingly, we have found an increase of the activity of these enzymes after a chronic exposure of KB cells to IFNa suggesting, therefore, the occurrence of events similar to those previously reported by others. 25 Evidence is raising on the involvement of SAPK/JNK in the onset of programmed cell death independently from bcl-2 expression and caspase inhibition 26 suggesting a key role of these enzymes in apoptosis through the regulation of still not identified mediators. However, further investigations are required in order to clarify the role of caspases in our experimental model. A cross-talk between SAPK and HSPs exists since MAPK p38 can activate the MAPK-activated protein kinase 2 that, in turn, phosphorylates HSP-27 33 that is modulated by EGF and IFNa in our experimental system. Our results suggest that IFNa induced apoptosis through the chronic stimulation of stress-activated MAPK isoenzymes while the increased expression of HSP represented an attempt of tumour cells to escape from death induced by the cytokine.
Notably, exposure of KB cells to EGF alone for 12 h induced apoptosis that was paralleled by an increase of PCNA expression, a marker of proliferating cells. 4 Apoptosis is caused by exposure to EGF also in human breast cancer cells. 34 The induction of apoptosis by EGF in KB cells could be interpreted in the light of the dual signal model which postulates that proliferation and apoptosis are coupled functions of dominant oncogenes such as c-myc and c-fos and, therefore, not always a consequence of the conflict between growth suppressive and promoting stimuli. 35 ± 39 This hypothesis is supported by the observation that the chimeric homeobox fusion gene E2A-PBX1 causes lymphomas in transgenic mice where massive lymphocyte apoptosis is detected in the pre-malignant phase. 40 Therefore, it is not surprising that a part of active proliferating KB cells exposed to EGF underwent apoptosis. In our experimental model EGF induced apoptosis when it maximally stimulated cell growth. On the other hand, the growth factor acted as a survival factor when the cells were growth inhibited by IFNa.
In conclusion, we have demonstrated that EGF-R upregulation induced by IFNa paralleled the induction of apoptosis and the enhanced expression of stress proteins in human epidermoid cancer KB cells. Apoptosis induction was mediated by a stress signalling which targeted JNK-1. The terminal enzymes of this pathway represented, therefore, the effectors of apoptosis. All these events were antagonized by EGF, that acted as a survival factor and whose effects occurred through down-regulation of stress kinase activity. Our experimental findings could be useful in the design of new anti-cancer strategies based on the overexpression of JNK-1/MAPK p38 by viral vector transduction or on their activation by pharmacological agents in combination with IFNa. 
Materials and Methods
Cell culture
The human oropharyngeal epidermoid carcinoma KB cell line, obtained from the American Tissue Type Culture Collection (Rockville, MD, USA) was grown in DMEM supplemented with heat inactivated 10% FBS, 20 mM N-2-hydroxyethylpiperazine-N-2'-ethanesulphonic acid (HEPES), 100 U/ml penicillin, 100 mg/ml streptomycin, 1% L-glutamine and 1% sodium pyruvate. The cells were grown in a humidified atmosphere of 95% air/5% CO 2 at 378C. For apoptosis evaluation the cells were treated with 48 h 1000 IU/ml IFNa and/or 12 h 10 nM EGF. When EGF was added to IFNa-treated KB cells, the cytokine was not withheld from the medium.
Western blot analysis
KB cells were grown for 48 h with or without 1000 IU/ml IFNa and were thereafter exposed for the indicated times to 10 nM EGF at 378C as described above. For cell extract preparation, the cells were washed twice with ice-cold phosphate buffered saline (PBS)/BSA, scraped, and centrifuged for 30 min at 48C in 1 ml of lysis buffer (1% Triton, 0.5% sodium deoxycholate, 0.1 M NaCl, 1 mM ethylenediaminetetracetic acid (EDTA), pH 7.5, 10 mM Na 2 HPO 4 , pH 7.4, 10 mM phenylmethylsulphonyl fluoride (PMSF), 25 mM benzamidin, 1 mM leupeptin, 0.025 units/ml aprotinin). Equal amounts of cell proteins were separated by sodium-dodecyl-sulphate (SDS)-polyacrylamide gel electrophoresis (PAGE). The proteins on the gels were electrotransferred to nitrocellulose and reacted with the different MAbs or rabbit antisera. Specific antibody binding has been detected by colorimetric reaction following alkaline phosphatase-linked anti-mouse or anti-rabbit antibody blotting.
Gel retardation assay
KB cells were grown and lysed as described above. Then the cells were rapidly washed with ice-cold PBS without Ca 2+ and Mg 2+ . A hot SDS total cell extract was prepared by immediately scraping the cells into boiling SDS ± PAGE sample buffer and drawing through a 23-gauge needle ten times to shear DNA. Then Western blot analysis was performed as described above.
Internucleosomal DNA fragmentation (Ladder) DNA fragmentation was measured after extraction of low molecular weight DNA. Briefly, 10610 6 cells were resuspended in 900 ml 16Tris-EDTA buffer and lysed with 25 ml 20% SDS. DNA was precipitated in ethanol for 6 h in the presence of 5 M NaCl. The high molecular weight fraction was sedimented by high speed centrifugation, and the fragmented DNA was extracted from the aqueous phase with phenol and chloroform and then precipitated with ethanol. After resuspension in water, DNA was electrophoresed using 1.5% agarose gel and visualized by ultraviolet light following ethidium bromide staining.
TUNEL
For TUNEL assay, after washing in PBS supplemented in 0.1% BSA, cells were treated with in situ detection kit, according to manufacturers (Boehringer Mannheim Biochemicals). Nuclei with fragmented DNA were visualized by Fast Red staining. Slides were mounted with Moviol 4-88 (Calbiochem) and examined with a Zeiss microscope.
Lipofection
3.5610
5 KB cells were seeded in 35-mm dishes and after overnight incubation at 378C were washed once with serum and antibiotics free medium and exposed to a lipofectamine/JNK-1 wt plasmid (1 mg/dish) mixture. The cells were incubated for 3 h at 378C and then the mixture was withdrawn and complete medium was added. Then, the cells were exposed to 1000 IU/ml IFNa for 24 h and/or 10 nM EGF for 12 h. After incubation at 378C the cells were processed for FACS analysis as described below.
Evaluation of apoptosis by DNA-¯ow cytometry
Cells were centrifuged and directly stained in a propidium iodide (PI) solution (50 mg PI in 0.1% sodium citrate, 0.1% NP40, pH 7.4) overnight at 48C in the dark. Flow cytometric analysis was performed using a FACSCAN flow cytometer (Becton Dickinson, San Jose, CA, USA) interfaced with a Hewlett Packard computer (mod.310) for data analysis. To evaluate cell apoptosis, PI fluorescence was collected as FL2 (Log scale) by the CellFIT software (Becton Dickinson). The data were acquired after analysis of at least 20 000 events.
Kinase activity assay KB cells were cultured and treated as described above. Then KB cells were washed twice with ice-cold PBS, scraped and lysed for 1 h at 48C in the following buffer: 10 mM TRIS, 150 mM NaCl, 2 mM Ethyleneglycol-bis(b-aminoethyl Ether) N,N,N',N'-tetraacetic acid (EGTA), 2 mM dithiothreitol (DTT), 1 mM sodium orthovanadate, 1 mM PMSF, 10 mg/ml aprotinin, 10 mg/ml leupeptin and 1% glycerol. Equalized amounts of proteins from lysates of KB cells (50 ml) were incubated for 90 min at 48C with 50 ml of protein A-Sepharose conjugated to 25 mg anti-JNK-1 or anti-MAPK p38 rabbit antisera. The suspension was centrifuged at 14 0006g, the supernatant discarded, and the immunoprecipitated washed twice with 250 ml of the following buffer: 20 mM Tris-acetate, pH 7.0 (208C), 0.27 M Sucrose, 1 mM EDTA, 1 mM EGTA, 1 mM sodium orthovanadate, 10 mM sodium glycerophosphate, 50 mM sodium fluoride, 5 mM sodium pyrophosphate, 1% Triton X-100, 0.1% 2-mercaptoethanol, 1 mM benzamidine, 0.2 mM PMSF and 0.5 M NaCl. The immunoprecipitated were washed once with 250 ml of the following buffer: 50 mM Tris-HCl, pH 7.5 (208C), 0.03% Brij-35, 0.1 mM EGTA and 0.1% 2-mercaptoethanol. Then immunoprecipitated were incubated for 30 min at 308C with 5 ml of a solution containing 1.2 mM Mg 2+ adenosine 5'-triphosphate (ATP) with 200 mCi/ml of ATPg 32 P and 15 mg of GST-c-JUN (amino acid residues 1 ± 79), for JNK-1 activity, and GST-ATF2 (1 ± 109), for MAPK p38 activity. The reaction was stopped with the addition of 2.94% (w/v) ortophosphoric acid and red carmosin solution and then microfuged for 15 s. The reaction mixtures were spotted onto phosphocellulose filters (Whatman P81) and washed three times in 1% acetic acid. Filters were air-dried and then counted by liquid scintillation using Omnifluor/toluene (DuPont ± New England Nuclear, Boston, MA, USA).
